Introduction
Phagocytosis is triggered when specialized receptors on the surface of phagocytes engage ligands on the target particle, activating the remodeling of the underlying actin cytoskeleton to extend membrane pseudopodia around the particle. This process culminates with the enclosure of the particle within a de novo organelle, the phagosome (Swanson, 2008; Flannagan et al., 2012; Gray and Botelho, 2017) . Phagosomes then mature by sequentially fusing with and acquiring properties of early endosomes, late endosomes, and lysosomes (Fairn and Grinstein, 2012; Flannagan et al., 2012; Levin et al., 2015; Gray and Botelho, 2017) . Hence, phagosomes transiently acquire molecular traits characteristic of early endosomes such as the GTPase Rab5 and phosphatidylinositol-3-phosphate (PtdIns[3]P), followed by the attainment of endolysosomal markers such as the GTPase Rab7 and the Lysosomal-associated membrane proteins (LAMPs; Via et al., 1997; Vieira et al., 2002 Vieira et al., , 2003 Harrison et al., 2003; Fairn and Grinstein, 2012; Flannagan et al., 2012; Gray and Botelho, 2017) . The end product of maturation is the transformation of a nascent inert phagosome into a phagolysosome, where the sequestered particle is digested.
The transient nature of the early phagosome is a poorly characterized process. We do not understand the mechanisms that coordinate the timing of the association and dissociation of early endosomal factors with maturing phagosomes. For example, PtdIns(3)P synthesis, predominantly by class III phosphatidylinositol (PtdIns) 3-kinase Vps34, was recently shown to be coupled to the removal of phosphatidylinositol-4,5-bisphosphate (PtdIns[4,5]P 2 ) from nascent phagosomes in Caenorhabditis elegans (Vieira et al., 2001; Thi and Reiner, 2012; Cheng et al., 2015; Backer, 2016 ). Yet it is unclear if this mechanism is present in mammalian phagocytes. Once synthesized, PtdIns(3)P typically lasts on phagosomes for only 5 to 10 min, during which it recruits various effectors to the phagosomal (and endosomal) membrane, including the early endosome antigen 1 (EEA1), which mediates phagosome fusion with early endosomes (Ellson et al., 2001; Fratti et al., 2001; Vieira et al., 2001) . Subsequently, PtdIns(3)P is removed from maturing phagosomes through a process partly encoded by PtdIns(3)P itself, which recruits PIKfyve, a lipid kinase that converts PtdIns(3) P into phosphatidylinositol-3,5-bisphosphate (PtdIns[3,5]P 2 ), a major regulator of lysosomes (Sbrissa et al., 1999 (Sbrissa et al., , 2002 Ho et al., 2012) . In fact, inhibition of PIKfyve delays phagosome divestment of PtdIns(3)P (Hazeki et al., 2012; Kim et al., 2014) . PtdIns(3)P removal from phagosomes may also be catalyzed by myotubularins, and/or by inactivation and dissociation of Vps34 from membranes (Nandurkar and Huysmans, 2002; Robinson Phagocytosis of filamentous bacteria occurs through tubular phagocytic cups (tPCs) and takes many minutes to engulf these filaments into phagosomes. Contravening the canonical phagocytic pathway, tPCs mature by fusing with endosomes. Using this model, we observed the sequential recruitment of early and late endolysosomal markers to the elongating tPCs. Surprisingly, the regulatory early endosomal lipid phosphatidylinositol-3-phosphate (PtdIns(3)P) persists on tPCs as long as their luminal pH remains neutral. Interestingly, by manipulating cellular pH, we determined that PtdIns(3) P behaves similarly in canonical phagosomes as well as endosomes. We found that this is the product of a pH-based mechanism that induces the dissociation of the Vps34 class III phosphatidylinositol-3-kinase from these organelles as they acidify. The detachment of Vps34 stops the production of PtdIns(3)P, allowing for the turnover of this lipid by PIKfyve. Given that PtdIns(3)P-dependent signaling is important for multiple cellular pathways, this mechanism for pH-dependent regulation of Vps34 could be at the center of many PtdIns(3)P-dependent cellular processes. pH of endophagosomes controls association of their membranes with Vps34 and PtdIns(3)P levels and Dixon, 2006) . Nonetheless, it is unknown what governs the timing of PtdIns(3)P removal from phagosomes, or, for that matter, from endosomes. Strikingly, the phagosome formation and maturation processes briefly summarized here are the product of studies using model targets, mainly latex beads and red blood cells (Champion et al., 2008) . However, phagocytes encounter targets of disparate morphology and size, including parasites, molds, yeasts, bacteria, and abiotic targets (Doshi and Mitragotri, 2010; Paul et al., 2013) . Targets of filamentous morphology can present a hurdle for phagocytosis. Indeed, some bacterial species adopt a filamentous morphology to evade phagocytosis (Justice et al., 2008; Yang et al., 2016) , and macrophages fail to efficiently internalize filamentous targets when they are engaged by their long axis (Champion et al., 2008) . Nevertheless, phagocytosis of filamentous bacteria proceeds successfully when macrophages capture and engulf filaments by one of their ends (Möller et al., 2012) .
We have previously characterized the phagocytosis of filamentous Legionella (Prashar et al., 2013) . Because of its length, which can easily surpass the length of the cell, Legionella filaments are pulled into the cell to form tubular phagocytic cups (tPCs) that often coil within the cytoplasm. Hence, full enclosure of the particle occurs over time periods that dramatically exceed those for the uptake of model spheroidal targets (Prashar et al., 2013) . Strikingly, the pericytoplasmic portions of tPCs sequentially fuse with endosomes and lysosomes before sealing in a process that resembles the maturation of canonical phagosomes (Prashar et al., 2013) . Thus, tPCs present an interesting model to investigate how phagocytosis and phagosome maturation are coordinated.
Here, we report a persistent association of PtdIns(3)P on tPCs despite a divestment of other early endosomal markers and acquisition of endolysosomal proteins, suggesting that signals that normally couple PtdIns(3)P removal with maturation fail on the tPCs. Notably, PtdIns(3)P was eventually eliminated by PIKfyve upon complete enclosure of the filamentous target or from the tPC regions that extended beyond a length of 20 µm, indicating that tPCs were competent for such a signal under specific conditions. Investigating the interplay between PtdIns(3)P loss and acidification in tPCs, canonical phagosomes, and endosomes, we found that acidification signals the cessation of PtdIns(3)P synthesis by triggering the dissociation of the Vps34 complex from membranes. Overall, we present evidence of a novel pH-based mechanism that modulates the association of Vps34 with endomembranes and thereby controls PtdIns(3)P synthesis.
Results

Noncanonical persistence of PtdIns(3)P on tPCs during maturation
During canonical maturation, phagosomes transiently acquire the small GTPase Rab5 and PtdIns(3)P, enabling the recruitment of EEA1 to tether early endosomes and phagosomes to prime their fusion (Horiuchi et al., 1997; Simonsen et al., 1998; Christoforidis et al., 1999; Fratti et al., 2001; Vieira et al., 2003; Tian et al., 2008; Mishra et al., 2010) . This is then followed by nearly simultaneous loss of Rab5, PtdIns(3)P, and EEA1 from phagosomes and attainment of endolysosome factors such as the LAMP proteins (Pitt et al., 1992; Horiuchi et al., 1997; Fratti et al., 2001; Vieira et al., 2001 Vieira et al., , 2003 Harrison et al., 2003; Huynh et al., 2007; Fairn and Grinstein, 2012) . Thus, we examined the dynamics of these maturation markers during phagocytosis of filamentous bacteria by macrophages. To this end, RAW264.7 macrophages (referred to as RAW cells herein) were presented for 5 or 30 min with killed filamentous Legionella pneumophila to avoid the effect of its toxins on phagocytosis. These two time points generate tPCs with spatiotemporally distinct regions (see Fig. S1 a for the anatomy of tPCs). At 5 min, short, nascent tPCs containing only a proximal tPC region were formed. In comparison, 30 min of phagocytosis formed extended tPCs with an older, distal tPC region and a nascent, proximal tPC region.
As early as 5 min after the onset of phagocytosis, both Rab5 and EEA1 were recruited to the nascent tPCs ( Fig. 1 a) . As expected, this region was devoid of LAMP1 ( Fig. 1 a) . However, by 30 min of internalization, the entire tPC no longer contained Rab5 and EEA1, whereas LAMP1 became ubiquitously present ( Fig. 1 b) . Altogether, these results indicate that the tPC behaves like a canonical phagosome by first acquiring the early endosomal markers, EEA1 and Rab5, followed by their dissociation and subsequent acquisition of LAMP1 in a temporally regulated process ( Fig. 1 c) .
We then followed the dynamics of PtdIns(3)P during the biogenesis of tPCs using the 2FYVE-GFP and p40PX-GFP probes (Gillooly et al., 2000; Ellson et al., 2001; Kanai et al., 2001; Vieira et al., 2001) . Strikingly, and unlike Rab5 and EEA1, both GFP probes persisted on tPCs even 45 min after the onset of the phagocytosis (Fig. 2, a and b; and Fig. S1 b) . In fact, after 5 min of "early phagocytosis," the PtdIns(3)P probes colocalized with LAMP1 and other lysosomal marks such as Rab7 and RILP-C33-GFP, a probe for GTP-bound Rab7 (Fig. 2, c and  d) . Importantly, the PtdIns(3)P probes were stripped from the tPCs after phagosome closure ( Fig. 2 c) , as is typical of canonical phagosomes. Our results indicate that PtdIns(3)P persists on LAMP1-positive tPCs long after the disappearance of other early endosome markers. Thus, tPCs represent an unique tool that decouples signals that coordinate PtdIns(3)P depletion and maturation of phagosomes and endolysosomal compartments.
Vps34 activity is responsible for PtdIns(3) P persistence at tPCs
The persistence of PtdIns(3)P observed on tPCs could be the consequence of continuous production of the lipid or its limited turnover (Fig. S1 c) . Although it is generally considered that PtdIns(3)P is produced by the class III PtdIns 3-kinase, Vps34 (Backer, 2008 (Backer, , 2016 Jeschke et al., 2015) , 5-and/or 4-phosphatases acting on the class I PtdInsP 3-kinase products, phosphatidylinositol-3,4-bisphosphate and phosphatidylinositol-3,4,5-trisphosphate, can also generate PtdIns(3)P (Shin et al., 2005) . Conversely, PtdIns(3)P turnover is driven by PIKfyve, which phosphorylates PtdIns(3)P to produce phosphatidylinositol-3,5-bisphosphate (PtdIns(3,5)P 2 ; Ho et al., 2012; McCartney et al., 2014; Jin et al., 2016) and by myotubularins that convert it to PtdIns (Robinson and Dixon, 2006; Cao et al., 2008) .
Therefore, we next sought to investigate the source of PtdIns(3)P persistence on tPCs. To this end we used inhibitors against different classes of PtdIns 3-kinases. The treatment of macrophages with the pan-PtdIns 3-kinase inhibitor LY294002 (Gharbi et al., 2007) clearly abrogated PtdIns(3)P production on tPCs (Fig. 3 , a and c). To distinguish whether class I or class III PtdIns 3-kinases contributed to PtdIns(3)P synthesis on tPCs, we treated cells with their respective inhibitors, ZSTK474 or Vps34-IN1 (Kong and Yamori, 2007; Bago et al., 2014) . Strikingly, Vps34-IN1 abrogated 2FYVE-GFP recruitment to tPCs, whereas ZSTK474 did not (Fig. 3 , a and c), thus suggesting that Vps34 is the primary kinase responsible for the presence of PtdIns(3)P on tPCs.
Does the PtdIns(3)P present on the tPCs undergo turnover? To assess this, we allowed phagocytosis to proceed and tPCs to accumulate PtdIns(3)P before treating macrophages with VPS34-IN1, 20 min after the onset of phagocytosis. Significantly, 2FYVE-GFP rapidly detached from elongating tPCs after the addition of VPS34-IN1, demonstrating that PtdIns(3)P was undergoing turnover during tPC biogenesis (Fig. 3, b and c). We found that PIKfyve plays a role in this process as the treatment of macrophages with apilimod, a specific inhibitor of PIKfyve, strongly increased the levels of 2FYVE-GFP associated with tPCs ( Fig. 3 d) . Altogether these results indicate that the persistence of PtdIns(3)P on tPCs is the consequence of its continuous synthesis by Vps34 and not a defect in its turnover. Thus, tPCs are competent for PtdIns(3)P synthesis and turnover, but unlike canonical phagosomes, PtdIns(3)P synthesis seems to persist over time.
PtdIns(3)P is removed from the distal ends of tPCs in a target lengthdependent manner
We proceeded to characterize in detail the fate of PtdIns(3)P on tPCs by time-lapse video microscopy. Fig. 4 a and Video 1 depict the phagocytosis of a filamentous bacterium by a macrophage. As the target was internalized, 2FYVE-GFP was present all along the tPC ( Fig. 4 a, 1:30 and 3:00 min frames). Strikingly, this distribution was altered once a threshold length was surpassed, at which point 2FYVE-GFP began to disappear from the distal end of the tPCs (Fig. 4 a, inset i in 3:15, 5:00, and 12:30 min frames), while persisting in the nascent proximal tPC region ( Fig. 4 a, inset ii in 3:15, 5:00, and 12:30 min frames). Eventually, 2FYVE-GFP dissociated completely from phagosomes upon full enclosure ( Fig. 4 a, 14:45 min frame). We confirmed these observations using fixed cell imaging by correlating the total length of the tPC to its length that was positive for 2FYVE-GFP or p40PX-GFP. As shown in Fig. 4 b and Fig. S1 d, early in phagocytosis, the total length of the tPCs tended to be decorated with the PtdIns(3)P probes. However, the strong correlation between these parameters was lost as GFP-fluorescence began to disappear from the most internalized portion of tPCs, usually longer than 20 µm (Fig. 4, b and c). Hence, PtdIns(3)P persistence predominates within the proximal regions of tPCs but is eliminated if the distal regions become >20 µm in length. Importantly, this phenomenon depended on PIKfyve activity, because PtdIns(3)P probes remained associated with distal tPCs in cells incubated with apilimod ( Fig. 4 d) .
Therefore, PtdIns(3)P production may be surpassed by its consumption by PIKfyve activity in the distal tPCs.
PtdIns(3)P loss at the tPCs correlates with their acidification
Our observations suggested that longer tPCs acquired a signaling gradient that allows for PtdIns(3)P removal. We previously showed that tPCs acquire vacuolar H + -ATPases (V-ATPases) and that small molecules, including H + , can diffuse out of the tPC to the extracellular space. Because acidification is considered a hallmark of PtdIns(3)P-negative phagolysosomes, we postulated that H + leakage across the actin jacket could lead to failed acidification of the tPCs (Prashar et al., 2013) . However, once a tPC becomes very long, a H + gradient could be produced from its distal end to its proximal end, and perhaps luminal acidification serves to signal PtdIns(3)P termination from membranes. We therefore investigated if the acidification of tPCs affected PtdIns(3)P persistence. (d) Number of tPCs positive for 2-FYVE, LAMP1, Rab7, and RILP-C33 recruitment at 30 min after the onset of phagocytosis. Cells expressing 2-FYVE-GFP, GFP-Rab7, or RILP-C33-GFP or immunostained for LAMP1 were scored for partially internalized filamentous bacteria. tPCs were scored positive for markers if labeling was observed along the entirety of the cup. Data shown are means ± SEMs of percentages from three independent experiments (n = 30 for each).
To this end, we conjugated the pH indicator pHrodo to filamentous bacteria and used them as targets for phagocytosis. This approach allowed us to detect the occurrence of a pH gradient along the lumen of the tPCs as they elongated over time (Videos 2 and 3; selected frames in Fig. 5 and Fig. S2  a) . Acidification of the tPCs, depicted by the increase of fluorescence emission in the pHrodo channel, occurred only after considerable portions of long filaments were engulfed by the macrophage, in the most distal regions of tPCs (Fig. 5, 8:45 and 11:40 frames, arrowheads), extending outward as the internalization of the bacteria proceeded to ultimately yield an acidic phagosome ( Fig. 5 , 21:40 frame; and Fig. S2 a) . The way tPCs acidify must be the result of a balance between H + leakage across the diffusion barriers associated with the actin jacket and the activity of the V-ATPase pumps. As tPCs grow in length, H + leakage may not be fast enough to dissipate the acidification of their distal end. Furthermore, long tPCs could reach the perinuclear zone where they can fuse with more acidic lysosomes (Johnson et al., 2016) .
Importantly, our results in Fig. 5 and Fig. S2 a showed that PtdIns(3)P levels and acidification in tPCs were inversely related, where acidic regions were divested of PtdIns(3)P. We confirmed this phenomenon by forcing the acidification as well as neutralizing tPCs and subsequently following the fate of PtdIns(3)P in this compartment. For tPC acidification, we bathed macrophages in culture media adjusted to pH 4.0. We previously showed that this treatment allows for the rapid acidification of the lumen of tPCs (Prashar et al., 2013) . Video 4 , engulfing a filamentous bacteria (red), selected frames from Video 1. Images to the right of the main panels are magnifications of the framed regions in the main panels depicting 2-FYVE-GFP in tPCs. For the first two images, the area magnified corresponds to the most distal tip of the tPC containing filamentous bacteria. In the 4 last micrographs (times 3:15 to 14:45), panel i is the most distal tip of the tPC and ii is the proximal tPC. Bars: 5 µm; (enlarged areas) 1 µm. (b) RAW macrophages expressing 2-FYVE were challenged with filamentous bacteria and fixed after 5, 15, 30, and 45 min of phagocytosis. The length of filamentous bacteria positive for 2-FYVE was plotted against the bacterial length internalized at each time point. The corresponding correlation coefficients (r 2 ) were calculated. (c) Regions of tPCs that surpass a length of 20 µm (red line) tend to be devoid of 2FYVE-GFP. The ratio of 2FYVE-GFP-positive length to the total length of the tPC is shown. A ratio of 1 indicates that the entire tPC is decorated with 2FYVE-GFP, a ratio <1 indicates that a portion is devoid of this probe, and a ratio of 0 indicates that the tPC is completely divested of the probe. Data from three independent experiments (n = 30 for each time point). (d) RAW macrophages expressing p40PX-GFP, treated with 10 nM apilimod or 0.1% DMSO (vehicle) for 1 h, were allowed to engage in phagocytosis of pHrodo-conjugated filamentous bacteria for 30 min of phagocytosis. The length of filamentous bacteria positive for p40PX-GFP was measured in three independent experiments, n = 30 for each condition, and plotted as described in panel b. and Fig. 6 a show that as the acidification of tPC progressed, pHrodo fluorescence increased, and this was accompanied by the disappearance of the PtdIns(3)P probe from the proximal tPC (see magnified areas in Fig. 6 a) . In contrast, the proximal tPC in control cells retained PtdIns(3)P ( Fig. 6 b) . Alternatively, we hindered the acidification of tPCs with the proton pump inhibitor concanamycin A (ConA). As shown in Fig. S2 (b and c), this treatment stabilized PtdIns(3)P in distal regions of tPCs and abated turnover of PtdIns(3)P from fully enclosed filamentous phagosomes.
Our observations suggest that the acidification of the phagosomal lumen may provide a trigger to remove PtdIns(3)P from maturing phagosomes. Thus, we next sought to determine the pH at which PtdIns(3)P was eliminated from the phagosomal membranes. We measured the pH of phagosomes holding bacteria in the range of 10 to 15 µm in length, which permits near uniform recruitment and dissociation of 2FYVE-GFP from the tPC/phagosome membrane. Using pHrodo-Legionella, we clustered phagosomes as being p40PX-GFP-positive or -negative and measured its pH by calibrating pHrodo emission as described in the section Materials and methods (Fig. S4 a) . Strikingly, p40PX-GFP-positive phagosomes had a mean pH of 6.6, whereas p40PX-GFP-divested phagosomes had a pH mean of 5.7. By comparing the range of pH values, we estimate that phagosomes that hit pH 6.2 tend to lose the probe (Fig. 6 c) . PtdIns(3)P loss was not a result of acid-induced disruption of protein-lipid interaction as recombinant expressed p40PX and 2FYVE domains still bound to PtdIns(3)P in a lipid overlay assay under acidic conditions ( Fig. 6 d; Fig. S3 , b and c; and Fig. S4 a) . In fact, the probes bound to PtdIns(3)P blots more effectively in media set to pH < 6.5 ( Fig. 6 d) , consistent with Lee et al. (2005) and He et al. (2009) . In addition, p40PX-GFP remained associated with enclosed phagosomes in apilimod-treated cells despite significant acidification ( Fig. 6 c) . Altogether, our findings show a causality between pH and the fate of PtdIns(3)P fate in tPCs.
pH controls the lifespan of PtdIns(3)P in phagosomes
We next investigated the impact of pH on the dynamics of PtdIns(3)P on phagosomes containing latex bead. As expected, the number of PtdIns(3)P-positive phagosomes in macrophages diminished over time (Fig. 7 a) . In comparison, PtdIns(3)P persisted on phagosomes neutralized by treating macrophages with NH 4 Cl, or with ConA, or a combination of both treatments ( Fig. 7, a and b ).
To complement this experiment, we followed phagosome acidification and 2FYVE-GFP dynamics in macrophages engulfing pHrodo-conjugated zymosan particles. In resting cells, pHrodo-associated fluorescence within phagosomes increased over 10 min and correlated with the progressive depletion of phagosome-associated 2FYVE-GFP (Fig. 8, a and  b ). As for latex beads, ConA caused a dramatic extension of phagosome-associated 2FYVE-GFP, though phagosomes eventually became devoid of 2FYVE-GFP, suggesting that additional mechanisms that signal depletion of PtdIns(3)P exist ( Fig. 8 , a and b). In comparison, exposure of ConA-treated cells to acidic media acidified the phagosomes and caused the dissociation of 2FYVE-GFP from phagosomes. We recognize that treating cells with media set to pH 4.0 will acidify both the cytosol and the lumen of phagosomes, albeit the cytosol did not reach pH 4.0 as could be inferred by the retention of GFP fluorescence in the cytoplasm, which is quenched below pH 5.0 (Haupts et al., 1998) . However, when we take into account that ConA alone prolonged the lifetime of 2FYVE-GFP-positive phagosomes, our data collectively suggest that luminal pH controls PtdIns(3)P depletion from the membranes of canonical phagosomes.
We then measured the fluorescence of pHrodo-labeled zymosan particles in p40PX-positive and p40PX-negative phagosomes followed by calibration with buffers of known pH and ionophores ( Fig. 8 c and Fig. S4 c) . As with bacteria, phagosomes containing or devoid of PtdIns(3)P had a median pH of 6.7 and 5.5, respectively. By examining the boundary of the SD between these conditions, we estimate that phagosomes tend to become negative for the lipid at pH 6.1 to 6.3. Moreover, tracking 3 individual phagosomes over time, we could infer that PtdIns(3)P accumulates in newly formed phagosomes as they acidify to pH 6.5 and begins to decay as the pH further acidifies. Indeed, PtdIns(3)P gradually disappeared below this pH until it could no longer be detected at pH 5.5 ( Fig. S4 d) . Thus, altogether our findings strongly demonstrated that pH controls the lifespan of PtdIns(3)P in phagosomes.
Organellar pH controls the association of Vps34 with membranes
Our observations support a model in which acidification signals depletion of PtdIns(3)P from phagosomal and endosomal membranes. This is not likely a result of turnover machinery because PtdIns(3)P can be depleted from Vps34-inhibited tPCs and further stabilized by PIKfyve inhibition. Thus, we postulated that pH-triggered PtdIns(3)P depletion may occur by inactivation and/or dissociation of Vps34. Vps34 binds to endophagosomal membranes as part of a complex formed by Vps15 (p150/PIK3R4), Beclin-1, and UVR AG (Rostislavleva et al., 2015; Backer, 2016) . To investigate if pH affects the association of these subunits with phagosomes, we purified phagosomes containing latex beads and immunoblotted for Vps34, Vps15, and UVR AG. As shown in Fig. 9 (a and b) , all three subunits detached from phagosomes after exposure of cells to acidic media, but bound more intensely to phagosomes treated with NH 4 Cl (ConA pretreatment significantly inhibited phagocytosis, precluding sufficient yield of phagosomes to run Western blot analyses; not depicted). In comparison, the endolysosomal proteins Rab7 and Raptor remained associated to phagosomes regardless of treatment (Fig. 9, a and b ). To further demonstrate that pH can impact the biochemical state of the Vps34 complex, we examined the phosphorylation state of its subunits (Kim et al., 2013; Munson et al., 2015) . To this end, we used Phos-tag mobility shift gels to better resolve multiple phospho-isoforms. Acidic media and NH 4 Cl caused a change in the distribution of phosphorylated UVR AG species relative to resting cells, whereas Vps34 and Vps15 phosphorylation levels were unchanged (Fig. 9, c and d) . This showed that the Vps34 complex is controlled by the pH in the phagosomal and cytoplasmic milieu.
Finally, we speculated that pH-dependent dissociation of Vps34 may also apply to endosomes and modulate cellular levels of PtdIns(3)P. To corroborate this hypothesis, we bathed cells in acidified media, with the caveat that this treatment acidifies both cytosol and organelles (Fig. 10 a) . Nevertheless, this treatment caused dissociation of 2FYVE-GFP from endosomes (c) RAW cells expressing p40PX-mCh were challenged with pHrodo-conjugated zymosan and pH determined for p40PX-mCh-positive and -negative phagosomes. Data represent 15 phagosomal pH values ±SD from three independent experiments. Each phagosome was internally calibrated (***, P < 0.001).
( Fig. 10 b) . Importantly, by metabolically labeling cells with 3 H-myo-inositol, we observed a significant reduction in PtdIns(3)P levels in cells at pH 4.0, whereas phosphatidylinositol-4,5-bisphosphate suffered a smaller decrease (Fig. 10 c) . Conversely, PtdIns(3)P levels were slightly augmented or unchanged in cells treated with NH 4 Cl or ConA (Fig. 10 c) .
In conclusion, our observations show that organelles use a H + gradient across their membranes to signal PtdIns(3) P depletion from their surface by triggering dissociation of the Vps34 complex. Such a mechanism couples the progressive acidification of phagosomes and endosomes to disappearance of PtdIns(3)P from these organelles as they mature. However, when tPCs remain open to the extracellular space, H + leaks into the extracellular space, permitting PtdIns(3)P to persist on the tPC membrane, despite the loss of other early endosomal markers and acquisition of endolysosomal properties. When tPCs become sufficiently long or seal into a phagosome, then a H + gradient is generated that signals PtdIns(3)P depletion.
Discussion tPCs decouple PtdIns(3)P depletion from phagosome maturation
There are several aspects in the tPC biogenesis that contravene the canonical maturation pathway of phagosomes, as we reported here and in Prashar et al. (2013) . First, endosomal and lysosomal markers are recruited at the level of the phagocytic cup before its scission from the plasma membrane, and this phenomenon is uncoupled from the acidification of the compartment. Second, whereas the early phagosomal proteins Rab5 and EEA1 arrive in a timely manner to incipient tPCs, and disappear as the phagocytic cups elongate, PtdIns(3)P persists on tPCs. Third, PtdIns(3)P overlaps with endolysosomal markers as long as the pH of the tPCs remain near neutral. These observations have several important implications toward our understanding of the mechanisms that impart identity to early endosomal and phagosomal compartments. Figure 9 . The Vps34 complex II association to phagosomes is controlled by pH. (a) Vps34 complex II subunits in isolated latex beads phagosomes. RAW macrophages in culture media (control), acidic culture media (pH 4.0), or cell-culture medium with 10 mM NH 4 Cl were allowed to internalize IgG-opsonized latex beads for 20 min. After this period, phagosomes were isolated and immunoblotted for the presence of Vps15, UVR AG, Vps34, Raptor, and Rab7. Human IgG was used as a control for number of phagosomes loaded. For one, the data presented here show that regulation of Rab5 and PtdIns(3)P, two of the most important organizers of early endosome/phagosome identity, can be decoupled such that Rab5 can be inactivated whereas PtdIns(3)P remains present (Behnia and Munro, 2005; Stenmark, 2009; Posor et al., 2015) . Rab5 encodes its own inactivation by interacting with Mon/CCZ, which recruits and activates the GTPase Rab7 as endosomes mature (Rink et al., 2005; Nordmann et al., 2010) . Indeed, tPCs are competent for this transition as Rab5 is eliminated and Rab7 is recruited. Thus, unlike what we propose for PtdIns(3)P depletion, we speculate that Rab5 to Rab7 conversion is independent of organellar pH and proceeds during tPC biogenesis. Second, our observations suggest that PtdIns(3) P removal is not a prerequisite for phagosomes to become a phagolysosome. Instead, we purport that the opposite likely occurs where progression into a phagolysosome, through the accompanying acidification, signals for PtdIns(3)P elimination.
In fact, others have demonstrated that phagosomes can acidify before acquisition of LAMP proteins (Geisow et al., 1981; Bouvier et al., 1994; Blanchette et al., 2009; Lu and Zhou, 2012) , and our own observations with zymosan demonstrate that phagosomes acidify at rates faster than those reported for acquisition of LAMP1 (Vieira et al., 2002; Kinchen and Ravichandran, 2008; Flannagan et al., 2012) . Thus collectively, we envision a model in which phagosome acidification, and perhaps endosome acidification, likely precede fusion with lysosomes and that acidification arrests PtdIns(3)P synthesis to deplete it from maturing phagosomes and endosomes.
Termination of PtdIns(3)P signaling on phagosomes and endosomes
PtdIns(3)P is a critical regulator that orchestrates many signaling events during the maturation of endosomes and phagosomes. Proteins like EEA1 and Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate) are recruited to PtdIns(3)P-positive endosomes, autophagosomes, and phagosomes to regulate membrane fusion and recycling, as well as protein sorting to the Golgi and targeting into multivesicular bodies (Schink et al., 2013; Levin et al., 2015) . Although PtdIns(3)P synthesis is necessary for proper endosome and phagosome maturation, the loss of PtdIns(3)P is also considered a hallmark in the maturation of phagosomes and endosomes (Fairn and Grinstein, 2012) . The transient association of PtdIns(3)P with endosomes and canonical phagosomes has been explained in terms of a burst in its synthesis mediated by Vps34, followed by downstream conversion of PtdIns(3)P by the enzymes PIKfyve and myotubularins (Nandurkar and Huysmans, 2002; Cao et al., 2008; Hazeki et al., 2012; Ho et al., 2012; Zolov et al., 2012; Kim et al., 2014; McCartney et al., 2014; Jin et al., 2016) .
Here we show that PtdIns(3)P accumulates on tPCs in Vps34-dependent manner, and persists on tPCs for well over 30 min, rather than the typical lifespan of 5 to 10 min on canonical phagosomes. We propose that rapid cessation of PtdIns(3)P from canonical phagosomes and endosomes requires the dissociation and/or inactivation of Vps34 from membranes. Otherwise, a sustained production and persistence of PtdIns(3)P on membranes occurs, as in tPCs. Vps34 and PtdIns(3)P association with phagosomes correlated well during manipulation of phagosomal pH. The neutralization of pH delayed the loss of PtdIns(3)P and enhanced the levels of Vps34, Vps15, and UVR AG associated with phagosomes, whereas forced acidification depleted both PtdIns(3)P and Vps34 complexes from these organelles. Our data with endosomes and cellular levels of PtdIns(3)P argue that this mechanism applies to endosomal PtdIns(3)P as well. Overall, we propose that the dissociation of Vps34 complex from maturing endolysosomes and phagosomes is essential to terminate PtdIns(3)P signaling and that this dissociation depends on organelle acidification. Because maturing endolysosomes and phagosomes progressively acidify, this circuit would couple maturation, timed by acidification, to the dissociation of Vps34 and depletion of PtdIns(3)P. In other words, it is tantalizing to consider that the identity of the cytosolic leaflet of endosomes and phagosomes may be subservient to their luminal identity defined by pH.
How might pH govern Vps34 and PtdIns(3) P dynamics?
We provide evidence that as phagosomes/endosomes acidify during maturation, the pH-gradient across the membrane serves as a trigger to displace Vps34 from membranes. This raises the question of how luminal pH might control cytoplasmic complexes and lipids. We envision at least two mechanisms. First, a transmembrane protein could act as a sensor by undergoing a pH-dependent conformational change. Parallels to this exist, such as pH-dependent conformational changes in bacterial toxins that causes their insertion into endosomal membranes. The V-ATPase itself may also act as a pH sensor (Liger et al., 1998; Qa'Dan et al., 2000) . Notably, the V-ATPase is a major regula-tor of mTOR activity, which senses and transmits the luminal concentration of amino acids within lysosomes (Bar-Peled and Sabatini, 2014; Marshansky et al., 2014; Stransky and Forgac, 2015) . Second, the membranes of endosomes and phagosomes allow diffusion of protons to the cytoplasm (Lukacs et al., 1990; Demaurex, 2002; Marshansky, 2007) . Thus, proton leakage could generate localized changes in the pH around these organelles that could be potentially sensed by pH-sensitive signaling proteins (Casey et al., 2010; Koivusalo et al., 2010; Johnson and Casey, 2011) . Alternatively, the H + gradient could control the activity of another channel or transporter such as those for Ca 2+ , which in turn could act as cytoplasmic intermediate for controlling the localization of Vps34 (Ishida et al., 2013; Xu and Ren, 2015) . For instance, the lysosomal mucolipin TRP channel 3 responds to pH by releasing Ca 2+ . The two-pore channel 2 releases Ca 2+ by integrating luminal pH of lysosomes and the second messenger nicotinic acid adenine dinucleotide phosphate (Pitt et al., 2010; Zhu et al., 2010) .
Furthermore, the phosphorylation pattern of UVR AG, but not Vps34 or Vps15, could be toggled such that higher-order phosphorylation was enhanced upon alkalinization relative to acidification. This suggests that pH can regulate Vps34 complex through a pH-dependent kinase that remains to be identified. Recently, mTOR was shown to phosphorylate UVR AG to enhance the activity of Vps34 activity during autophagic lysosome reformation (Munson et al., 2015) . Tantalizingly, these authors also suggest that additional kinases exist that act on UVR AG.
Overall, the work presented here has uncovered a mechanism showing that PtdIns(3)P signal termination is controlled by the acidification of phagosomes and endosomes. Ultimately, this mechanism may be of relevance for the many cellular processes governed by PtdIns(3)P and its effector proteins. Indeed, PtdIns(3)P-binding proteins bearing PX and FYVE domains play roles not only in vesicle trafficking and protein sorting along the recycling, endosomal, and phagosomal pathways but also in cytokinesis, metabolic signaling, autophagosomes, and the production of reactive oxygen species by NAD PH oxidase (Tian et al., 2008; Berger et al., 2010; Bohdanowicz and Grinstein, 2013) .
Materials and methods
Reagents and antibodies DMEM and FBS were purchased from Wisent Inc. Alexa Fluor-conjugated secondary antibodies, phalloidin, LysoSensor green, and pHrodo red succinimidyl ester were from Life Technologies Inc. Skim milk was purchased from BioShop Canada Inc., and PFA was obtained from Canemco & Marivac. Rat polyclonal (1D4B) anti-LAMP1 antibodies were from Developmental Studies Hybridoma Bank, and goat polyclonal anti-EEA1 (N-19) antibody was from Santa Cruz Biotechnology, Inc. Rabbit polyclonal anti-L. pneumophila antibody was provided by C. Guyard (Ontario Public Health Agency, Toronto, Canada). For phagosome isolation and Phos-Tag Western blotting, we used primary rabbit antibodies to Vps15 (Bethyl Laboratories), EEA1, Rab7, and Vps34 (Cell Signaling), and UVR AG (EMD Millipore), all at 1:1,000 dilution. Secondary HRP-conjugated donkey anti-rabbit IgG antibodies and donkey anti-human antibodies were diluted to 1:10,000 (Bethyl Laboratories).
DNA constructs
The construct 2FYVE-GFP encodes two tandem copies of the FYVE domain of EEA1 fused to GFP (Gillooly et al., 2000) , and the plasmid p40PX-GFP or mCherry encodes the PX domain of p40 Phox fused to GFP or mCherry (Kanai et al., 2001) . The plasmids GFP-Rab7, GFP-Rab5, and RILP-C33-GFP, respectively, encode WT Rab7, Rab5, and the C-terminal half of RILP cloned into pEGFP-C1 vector (Roberts et al., 1999; Bucci et al., 2000; Colucci et al., 2005) .
For the lipid overlay assay, the PX domain of p40 Phox and the tandem FYVE domain of EEA1 fused to GFP were PCR-amplified from p40PX-EGFP (Kanai et al., 2001 ) and pEGFP1-2FYVE (Gillooly et al., 2000) constructs using Gateway compatible primers (Table 1) . The amplified products were then cloned into pDEST42 and pDEST15 expression vectors (Gateway Technology, Invitrogen), resulting in PX-GFP-V5-His 6 and GST-GFP-2FYVE, respectively. The GFP sequence alone was PCR amplified and cloned into pDEST15 to generate GST-GFP to be used as control. Plasmid sequences were confirmed by standard DNA sequencing. Constructs were expressed in Escherichia coli BL-21 DE3 cells and induced with 0.3 mM IPTG for 12 h at 20°C for protein purification (Fig. S3) .
Cell culture and transfection
The mouse macrophage cell line RAW264.7, obtained from the American Type Culture Collection, was cultured in DMEM medium supplemented with 10% heat-inactivated FBS at 37°C and 5% CO 2 . RAW cells were transfected using FuGENE HD (Promega Corp.) according to the manufacturer's instructions, and cells were used after overnight expression of constructs.
Phagocytosis assays
For the phagocytosis of filamentous bacteria, L. pneumophila expressing red fluorescent protein were prepared and killed with PFA as described in Prashar et al. (2013) . Filamentous bacteria were opsonized with 0.1 mg/ml anti-Legionella antibody for 1 h at room temperature (RT) and incubated with RAW cells, precooled at 15°C for 5 min at a ratio of 1 cell/40 filamentous bacteria. Attachment was synchronized by spinning bacteria onto cells at 300 g for 5 min at 15°C. Unattached filaments were removed by washing with PBS, and the cells were then moved to a tissue culture incubator to allow phagocytosis to proceed to indicated time periods (Prashar et al., 2013) .
For the phagocytosis of latex beads, 3 µm poly(styrene/divinylbenzene) beads (Bangs Laboratories) were opsonized at a ratio of 1:7 with 2.86 mg/ml IgG from human serum (Sigma-Aldrich) in PBS, gyrating for 1 h at RT. Beads were then centrifuged and washed 3 times with PBS. The final opsonized bead mixture in PBS was added at 1:10 per well. Phagocytosis synchronization was accomplished through centrifugation at 500 g for 2 min at 4°C. Unbound beads were washed off with PBS, and cells were then incubated in cell culture conditions.
For phagocytosis of pHrodo-conjugated zymosan bioparticles (Life Technologies), particles were suspended in culture medium as per the manufacturer's instructions. Zymosan particles were added to cells at 0.125 mg/ml in culture medium. Phagocytosis was then synchronized through centrifugation at 500 g for 5 min at 4°C. After synchronization, cells were incubated for 5 min at 15°C to allow for zymosan particle coordination to receptors, and unattached particles were washed off with PBS. Cells were then incubated at cell culture conditions.
Pharmacological inhibitors
Before phagocytosis, cells were washed and incubated in culture media containing one of the following PtdIns 3-kinase inhibitors: 100 µM LY294002 (Sigma-Aldrich) for 30 min, 1 µM ZSTK474 (Selleckchem) for 10 min, and 1 µM Vps34-IN1 (Bago et al., 2014) for 10 min. Five minutes after synchronized attachment of targets, cells were washed to remove unbound filamentous bacteria, and media-containing inhibitor was re-added. Internalization was allowed to proceed for an additional 25 min at 37°C, after which the cells were fixed using 4% PFA for 20 min. For inhibition of the V-ATPase, cells were pretreated with 1 µM ConA (BioShop) in DMSO for 15 min and/or 10 mM NH 4 Cl. After pretreatments, cells were incubated with these compounds during phagocytosis assays for the indicated time periods. Similarly, for PIKFyve inhibition, cells were treated with 10 nM apilimod (Toronto Research Chemicals) for 1 h before phagocytosis and during phagocytosis for the time points indicated.
Preparation of pHrodo-conjugated filamentous bacteria
PFA-killed filamentous bacteria were washed three times with 250 mM glycine in PBS, pH 7.2 (quench buffer), and then conjugated to pHrodo T Red succinimidyl ester (Life Technologies) as per the manufacturer's directions. In brief, 10 9 filamentous bacteria were resuspended in 100 mM sodium bicarbonate buffer, pH 8.0, and incubated with pHrodo at a final concentration of 0.5 mM. After 45 min at RT, the unbound pHrodo was removed by three washes in PBS. pHrodoconjugated filamentous bacteria were finally resuspended in PBS before use in phagocytic assays.
Immunofluorescence and fluorescence labeling
Filamentous actin was stained with Alexa Fluor-conjugated phalloidin (Invitrogen) diluted to 1:500 in PBS. Immunofluorescence of RAW cells and bacteria was performed as in Prashar et al. (2013) . Early endosomes were labeled with anti-EEA1 (1:30), whereas late endosomes and lysosomes were labeled with anti-LAMP1 antibody (1:25) in solutions containing 5% skim milk/PBS. Fluorescence secondary antibodies (Invitrogen) were used at 1:1,000 in 5% skim milk for 1 h, RT. The coverslips were mounted using fluorescence mounting medium (Dako).
pH calibration of phagosomes
After synchronized phagocytosis, each internalized bioparticle, pHrodo Red-conjugated filamentous bacteria, or pHrodo Green-conjugated zymosan underwent pH calibrations (Fig. S4, a and d) . For internal pH calibrations, the same cell samples were bathed sequentially in isotonic pH calibration buffers (ThermoFisher), ranging from pH 7.5, 6.5, 5.5, and 4.5, containing 20 µM of valinomycin and 20 µM of nigericin. To ensure complete luminal homogenization at each pH, buffers were incubated for 10 min before image acquisition using a spinning disc confocal microscope (Quorum Technologies) fitted with an Andor iXON Table 1 . List of Gateway compatible primers used for PCR amplification
Primers Sequences
PX-GFP-Gtwy-Forward 5′-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CGA AGG AGA TAG AAC CAT GGC TGT GGC CCA GCA GCTG-3′
PX-GFP-Gtwy-Reverse 5′-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC CTT GTA CAG CTC GTC CAT GCC-3′
GFP-2FYVE-Gtwy-Forward 5′-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CGA AGG AGA TAG AAC CAT GGT GAG CAA GGG CGA GGAG-3′
GFP-2FYVE-Gtwy-Reverse 5′-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC TTA TCC TTG CAA GTC ATT GAA-3′
GFP-Gtwy-Forward 5′-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CGA AGG AGA TAG AAC CAT GGT GAG CAA GGG CGA GGAG-3′
GFP-Gtwy-Reverse 5′-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC CTT GTA CAG CTC GTC CAT GCC-3′ 897 EMC CD camera. A calibration curve was generated that relates the background-corrected mean fluorescence to calibration pH. This callibration curve was then fit onto a linear function or onto a one-phase exponential decay function. The resulting function was used to transform initial phagosomal fluorescence measurements to a luminal pH value.
Microscopy
Images were acquired using a spinning disc confocal microscope consisting of a DMI6000B inverted fluorescence microscope (Leica) equipped with Hamamatsu EM-CCD and ORCA-R 2 cameras and spinning disc confocal scan head, an ASI motorized XY stage, and an Improvision Piezo Focus Drive (Quorum Technologies Canada). The equipment was controlled by MetaMorph acquisition software (Molecular Devices, LLC). Unless otherwise indicated, images were acquired using a 63× oil immersion objective, NA 1.4. For live-cell imaging, phagocytosis assays were performed using a stage incubator (Live Cell Instrument) set at 37°C/5% CO 2 . Unless otherwise stated, macrophages were presented with opsonized filamentous bacteria for 15 min. After this period, cells were washed with PBS and incubated in FluoroBrite DMEM for imaging. Image processing, deconvolution (90% confidence interval), and analysis were performed with Volocity (PerkinElmer Inc.) and/or Im-ageJ (v. 1.47 bundled with 64-bit Java). Images were processed with Adobe Photoshop and Illustrator (Adobe Systems Inc.).
Phagosome isolation
Phagosomes containing latex beads were isolated from macrophages in 6-well tissue culture plates after 20 min of phagocytosis. Cells were incubated on ice and washed with ice-cold PBS and scraped in 1 ml of ice-cold homogenization buffer (20 mM Tris, pH 7.4, 1 mM MgCl 2 , 1 mM CaCl 2 , 1 µg/ml RNase, 1 µg/ml DNase, 1 mM AEB SF, and 1:250 protease inhibitor cocktail [Sigma-Aldrich]) per well. Cells were pelleted at 500 g for 5 min at 4°C, resuspended with homogenization buffer, and lysed through a 22-gauge needle by syringing 10 to 15 times. Samples were centrifuged at 1200 g for 5 min at 4°C. The resulting pellets were suspended in 200 µl of ice-cold PBS and carefully transferred onto the sucrose gradients. Sucrose gradients were prepared freshly, before phagosome isolation, by centrifugation of 1 ml 60% sucrose (in PBS) at 22,000 g for 1 h at 4°C and stored at 4°C until use. Cell lysates were applied onto sucrose gradients and centrifuged at 22,000 g for 15 min at 4°C. Phagosomes were withdrawn from the sucrose layer and washed with ice-cold PBS.
Determination of phagosome-associated proteins and Phos-tag gel assays
Proteins associated with the isolated latex beads-containing phagosomes were extracted and resolved by Western blot. To this end, phagosomes were resuspended in Laemmli buffer supplemented with 1:100 protease inhibitor cocktail (Sigma-Aldrich). Proteins were then separated in a 10% SDS-PAGE, followed by protein transfer to a polyvinylidene difluoride membrane. Membranes were then immunoblotted using primary and secondary antibodies prepared in 5% skim milk in Tris-buffered saline buffer with 0.1% Tween 20 at the dilutions indicated. Proteins were detected using enhanced chemiluminescence, where protein loading was normalized to levels of human IgG (opsonin) in isolated phagosomes. Alternatively, we used Phos-tag gels to detect differential phosphorylation states of phagosomal markers. To this end, isolated phagosomes were resuspended in Laemmli buffer supplemented with 1:100 protease inhibitor cocktail (Sigma-Aldrich) and PhosSTOP phosphatase inhibitor cocktail (Sigma-Aldrich). SDS-PAGE gels were prepared with one fifth the strength of Phos-tag, as recommended by the manufacturer (Wako Chemicals USA). A 5.5% SDS-PAGE was used for Vps15 and Vps34, whereas UVR AG was assessed in samples run in a 7.8% SDS-PAGE. After the recommended electrophoresis settings, gels were agitated in 10 mM EDTA, pH 8.0, prepared in dH 2 O three times for 20 min, and then rinsed three times in transfer buffer (Bio-Rad) for 10 min, after which routine protein transfer to polyvinylidene difluoride membrane, immunoblotting, and chemiluminescence detection conditions were used.
Phosphoinositide labeling and HPLC-coupled flow scintillation
Cells were incubated in tritium labeling medium (inositol-free DMEM [MP Biomedical]) supplemented with 10 µCi/ml myo-(2-3 H[N]) inositol (Perkin Elmer), 4 mM l-glutamine (Sigma-Aldrich), insulin-transferrin-selenium-ethanolamine (Gibco), 10% dialyzed FBS (Gibco), 20 mM Hepes (Gibco), and penicillin-streptomycin mix (Sigma-Aldrich) for 24 h. After incubation, tritium labeling medium was removed and replaced with cell culture medium to perform experimental conditions for 20 min. Cells were lysed on ice with 4.5% perchloric acid (vol/vol) for 15 min and pelleted at 12,000 g for 10 min. Pellets were washed with 0.1 M EDTA, pH 8.0, and sonicated in 50 µl of water. Samples were incubated in phospholipid deacylation reagent (45.7% methanol, 10.7% methylamine, and 11.4% 1-butanol [vol/vol]) for 50 min at 53°C. Samples were subsequently dried in speed-vacuum and resuspended in water by sonication twice before a final drying step for storing them. To resume analysis, dried samples were resuspended in a 1.5:1 ratio of water to extraction reagent (1-butanol/ethyl ether/ethyl formate [20:4:1]), vortexed for 5 min, and centrifuged for 2 min. The aqueous layer was carefully isolated and extracted twice more, then vacuum-dried and resuspended in 50 µl of water. For each sample, equal counts of tritium were separated by HPLC (Agilent Technologies) through an anion exchange 4.6 × 250-mm column (Phenomenex) and subjected to a gradient of water and 1 M (NH 4 ) 2 HPO 4 , pH 3.8. For the HPLC separation protocol, see Ho et al. (2016) . The radiolabeled eluate was detected with a 1:2 ratio of eluate to scintillation fluid by β-RAM 4 (LabLogic) and analyzed by Laura 4 software. PtdIns(3) P and phosphatidylinositol-4,5-bisphosphate levels were normalized against the parent PtdIns peak.
Recombinant protein purification for lipid overlay assay
For purification of PX-GFP-V5-His 6 and GFP-V5-His 6 , cells were pelleted and resuspended in lysis buffer (50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.05% Tween-20, 1 mM phenylmethane sulfonyl fluoride, 1× protease inhibitor cocktail [Roche], and 3 µg/ml pepstatin) and sonicated. Lysates were cleared for 30 min at 15,000 g, and the supernatant was collected and incubated with Ni-NTA beads (QIA GEN) preequilibrated with lysis buffer for 1 h at 4°C. The mixture was then loaded into a chromatography column (BioRad) and washed four times with wash buffer (50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, 10 mM imidazole, and 0.05% Tween 20). The fusion protein was eluted with elution buffer (50 mM NaH 2 PO 4 pH 8.0, 300 mM NaCl, 250 mM imidazole, and 0.05% Tween 20) and concentrated using an Amicon Ultra-15 centrifugal filter.
For purification of GST-GFP-2FYVE and GST-GFP, cells were pelleted and resuspended in GST lysis buffer A (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM DTT, 0.05% NP-40, 1 mM phenylmethane sulfonyl fluoride, and 1 mM benzamidine). Cells were sonicated and lysates were cleared for 40 min at 20,000 g. The supernatant was collected and incubated with Glutathione Sepharose 4B (GE Healthcare) preequilibrated with lysis buffer B (50 mM Tris-HCl , 150 mM NaCl, 3 mM DTT, 0.05% NP-40) for 1.5 h at 4°C. The mixture was then loaded into a chromatography column (BioRad) and washed four times with wash buffer A (25 mM Tris-HCl , pH 7.5, 750 mM NaCl, 1 mM DTT, and 0.1% NP-40) and once with wash buffer B (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 1 mM DTT). Fusion proteins were eluted with elution buffer (25 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM DTT, and 30 mM reduced glutathione) and concentrated using an Amicon Ultra-15 centrifugal filter and then analyzed by 8% SDS-PAGE preloaded with 2,2,2-tricholoethanol ( Fig. S3 a) .
Protein-lipid overlay assay
Lipids (Avanti Polar) stocks were dissolved in chroloform/methanol/ water (20:9:1 vol/vol). The indicated amount of lipids were spotted on a nitrocellulose membrane (GE Healthcare) and allowed to dry at RT for 1 h. The membranes were then blocked for 1 h in Tris-HCl 50 mM, pH 7.5, 150 mM NaCl, and 0.1% Tween 20 buffer containing 3% fat-free BSA and then incubated at 4°C overnight with 5 µg/ml of GST-GFP-2FYVE, GST-GFP, or PX-GFP-V5-His6 in pH calibration buffers (140 mM KCl, 1 mM MgCl 2 ,1 mM CaCl 2 , 5 mM glucose, 3% fat free BSA, and 10 mM of the appropriate buffer covering a pH ranging from 7.5 to 4.0). The following buffers were used: pH 4.0, acetate-acetic acid; pH 4.5, acetate-acetic acid; pH 5.0, acetate-acetic acid; pH 5.5, 2-(N-morpholino) ethanesulfonic acid (MES); pH 6.0, MES; pH 6.5, MES; pH 7.0, Hepes; pH 7.5, TBS. Buffers were adjusted to proper pH using either 1 M KOH or 1 M HCl. The membranes were then washed, and GFP-tagged proteins were detected with anti-GFP antibody (Roche) by chemiluminescence using an Imager 600 (GE Healthcare). Densitometry of the blots was performed using ImageJ. Experiments were repeated at least three times.
Statistical analysis
Data shown are mean ± SEM from at least three independent experiments unless otherwise stated. Statistical analysis was performed using a two-tailed Student's t test or ANO VA using GraphPad Prism software (GraphPad Software, Inc.) and SigmaPlot software (Systat Software Inc.). A 95% confidence interval was used to determine statistical significance, and P ≤ 0.05 was considered to be statistically significant.
Online supplemental material
Fig. S1 a shows a schematic of the tPC. Fig. S1 b shows 2FYVE-GFP distribution in tPCs. Fig. S1 c shows possible pathways for PtdIns(3) P production at tPCs. Fig. S1 d shows the length of filamentous bacteria positive for p40PX-GFP versus the bacterial length internalized at each time point. Fig. S2 a shows PtdIns(3)P and acidification of tPCs measured in selected frames from Video 2 (related to Fig. 5 ). Fig. S2 , b and c, Effect of ConA treatment in PtdIns(3)P retention in tPCs. Fig.  S3 (a-c) shows that recombinant GST-GFP-2FYVE and PX-GFP-V5-His6 bind specifically to PtdIns(3)P. Fig. S3 c shows protein lipid overlays at the indicated range of pH. Fig. S4 a, pH calibration curves for Legionella-containing phagosomes. Fig. S4 b shows protein-lipid overlay of GST-GFP-2FYVE onto PtdIns(3)P. Fig. S4 c shows pH calibration curves for zymosan-containing phagosomes. Fig. S4 d shows the evolution of phagosomal pH and p40PX-mCh in zymosan-containing phagosomes. Video 1 shows PtdIns(3)P dynamics in tPCs. Videos 2 and 3 show the correlation between acidification and loss of PtdIns(3)P in tPCs. Video 4 shows that the exposure of macrophages to acidic media induces the loss of PtdIns(3)P in tPCs.
